Between 100 kHz and 2 GHz ultrasonic attenuation spectra of disaccharides in water have been measured at 25°C. Some additional measurements have been performed at different temperatures between 10 and 35°C and as a function of saccharide concentration c (0.5 mol/ᐉрc р1.8 mol/ᐉ). The analytical description of the spectra in terms of relaxation spectral functions revealed four relaxation regimes. Three relaxation regions correspond to such revealed by monosaccharides in solution. These relaxations reflect a pseudorotation, an exocyclic hydroxymethyl group rotation, and probably a saccharide-saccharide association. The relaxation term with relaxation time between 3.6 and 19 ns ͑25°C͒ is characteristic for the disaccharide solutions. It has been assigned to a rotation of the disaccharide rings relative to one another.
I. INTRODUCTION
During the past years, considerable attention has been directed towards the properties of saccharides in solution, particularly because of the discovery of previously unknown functions associated with this class of molecules. Their structural diversity enables saccharides to encode information for a variety of specific molecular recognition mechanisms. [1] [2] [3] [4] [5] [6] With respect to information storage capacity, saccharides exceed substantially proteins and nucleic acids. Constituting a wide-ranging alphabet which, beyond the genetic code, is used in the molecular language of life, saccharides hold a key position in biological signaling.
It is generally accepted now that saccharide functions are controlled by the rich stereochemical variety and conformational flexibility of the heterocyclic molecules. The structurefunction relationships of carbohydrates have thus been investigated utilizing various methods, including Raman scattering, [7] [8] [9] [10] nuclear magnetic resonance spectroscopy, 11, 12 and dielectric relaxation measurements, [13] [14] [15] [16] as well as molecular dynamics simulations. [17] [18] [19] [20] [21] [22] Among the experimental methods used so far, acoustical attenuation spectrometry, which is available roughly in the frequency range from 10 kHz to 10 GHz, 23 has proved to be a favorable method for kinetic studies of the conformational changes in aqueous saccharide solutions. 24 -31 Chair-chair ring inversions, pseudorotations, and exocyclic side group isomerization of monosaccharides contribute to the acoustical spectra within the obtainable frequency range of measurements [31] [32] [33] and can thus be systematically investigated. In addition to the conformational variance offered by single-ring-related mechanisms, di-and oligosaccharides comprise further modes of conformational changes, especially motions of monomer units relative to one another. Here we report an ultrasonic spectrometry study of such motions of monomer units of some disaccharides.
II. EXPERIMENT

A. Disaccharide solutions
The following disaccharides, with empirical formula C 12 H 22 O 11 , have been considered: 4-O-͑␣-D-glucopyranosyl͒-D-glucopyranose ͓D͑ϩ͒-maltose, Fluka, у99%, Merck, у95%͔, ␣-D-glucopyranosyl-␣-D-glucopyranoside ͓D͑ϩ͒-trehalose, Fluka, у99%͔, 4-O-͑␤-galactopyranosyl͒-D-glucopyranose ͓D͑ϩ͒-lactose, Fluka, у99%͔, 6-O-͑␣-D-galactopyranosyl͒-D-glucopyranose ͓D͑ϩ͒-melebiose, Merck, у98%͔, and ␤-D-fructofuranosyl-␣-D-glucopyranoside ͓D͑ϩ͒-saccharose, Fluka, у99.5%͔. The molecular structure of these carbohydrates is shown in Fig. 1 . All disaccharides have been used as delivered by the manufacturers. The liquid samples were prepared by weighing the saccharides in volumetric flasks which afterwards have been filled up to the fiduciary mark using doubly distilled, de-ionized, degassed, and UV-sterilized water. All solutions were first stored for a minimum of 12 h in order to allow for the complete establishment of the tautomer equilibrium. Preparatory to measurements the samples were degassed again, utilizing a bath-type ultrasonic homogenizer. To reduce the risk of carbohydrate disintegration by microorganisms solutions were stored at around 6°C between measurements and were not used longer than 2 weeks after preparation. A survey of the solutions is given in Table I . The density has been measured with the aid of a pycnometer that had been calibrated against bidistilled, de-ionized, and degassed water. The shear viscosity s was determined using a falling ball viscosimeter ͑B/BH, Haake, Karlsruhe, Germany͒ and Ubbelohde-type capillary viscosimeters ͑Schott, Mainz, Germany͒. The sound velocity c s of the samples followed from the resonance frequencies of successive principal resonance peaks of liquid-filled cavity resonators, as used for the attenuation coefficient measurements at frequencies between 100 kHz and 18 MHz ͑Sec. II B͒.
B. Ultrasonic spectrometry
The ultrasonic attenuation spectra of the liquids have been measured using two different methods to cover the frequency range between 10 5 Hz and 2ϫ10 9 Hz. At frequencies below 18 MHz a cavity resonator method was applied in which the effective path length of interaction of the sonic field with the sample liquid was substantially increased by multiple reflections of the sonic signal. 34, 35 Quality factor measurements have been performed by which the attenuation coefficient ␣ has been determined relative to a reference liquid with well-known attenuation coefficient and with sound velocity and acoustical impedance matched to the sample. We used methanol and aqueous solutions of urea as reference liquids, the density, sound velocity, and sonic attenuation coefficient of which had been carefully measured in advance. In the relevant frequency range these reference liquids do not reveal any indications of excess attenuation. Their ␣ values have thus been determined by absolute measurements at higher frequencies.
We applied four different cavity resonators, two biconcave ͓0.1рр1.7 MHz, 0.8рр18 MHz ͑Refs. 36 and 37͔͒, a planoconcave ͓0.1рр3.4 MHz ͑Ref. 38͔͒, and a biplanar cell ͓0.8рр15 MHz ͑Ref. 39͔͒. To consider higher-order satellite modes adequately, the complete transfer function of the resonator cells was always recorded continuously over a suitable frequency range using a network analyzer setup. Appropriate analytical expressions were fitted to the transfer function to extract the undisturbed principal resonance peak. In this analysis of the resonator transfer function small effects from undesired electrical cross talk and from differences in the cavity resonator fields due to differences between the ␣ values of the sample and reference liquid 40 have been taken into account.
At frequencies above 10 MHz absolute attenuation coefficient measurements have been performed. We employed a GHz ͑Ref. 45͔͒. Quartz and lithium niobate transducer disks were used at р530 MHz. In the cell employed at the highest frequencies, the transducers were thin zinc oxide films that had been sputtered onto delay lines made of sapphire. Between 500 MHz and 3 GHz broadband end-face excitation of lithium niobate rods 46 was applied. At each frequency of measurement, the transfer function of the cell has been determined at 400 transducer spacings. The transfer characteristics of the electronic apparatus have been routinely recorded in special runs in which the signal passed a high-precision below-cutoff piston attenuator. 47 A set of such attenuators, each one matched to a range of liquid attenuation coefficient values, was available as signal vernier. To account for possible effects from diffraction due to the finite transducer diameters of the cells, a semiempirical correction, 35, 42 based on numerical calculation of the sonic field excited in front of a piston radiator 48, 49 and on reference measurements with liquids of a well-known attenuation coefficient, has been applied at frequencies below 50 MHz.
C. Experimental accuracy
Fluctuations in the frequency of measurements were smaller than ⌬/ϭ10 Ϫ4 and can thus be neglected. The temperature T of the specimen cells was controlled to within 0.03 K, and it was measured with an accuracy of 0.02 K. Temperature gradients and differences in the temperature of different cells did not exceed 0.05 K, corresponding to a negligibly smaller estimated error of less than 0.1% in the attenuation coefficient data. With the resonator measurements, the main sources of possible experimental errors are small disturbances in the cell adjustment that might result from the cleaning and refilling procedure when the sample is exchanged for the reference liquid. Imperfect wetting of the transducer surfaces, covered with a thin gold electrode, may also adversely affect the resonator measurements. The attenuation coefficient values from the pulse-modulated sonicwave transmission method may be subject to errors by an incomplete axial adjustment of the transducer units and, at frequencies below 50 MHz, to insufficient corrections for the diffraction losses.
From repeated measurements, including such between which the specimen cell had been cleaned and refilled again with the sample liquid, and from the fit of data to one another, which had been obtained with different cells, different electronic setups, and even different methods of measurement the accuracy of the sonic attenuation coefficient may be characterized by the experimental errors given below: ⌬␣/␣ ϭ0.05, Ͻ10 MHz; ⌬␣/␣ϭ0.015, 10 MHzрϽ50 MHz and 400 MHzрр2000 MHz; ⌬␣/␣ϭ0.005, 50 MHzрϽ400 MHz. For liquids with very small attenuation coefficient (␣/ 2 Ͻ100ϫ10 Ϫ15 s 2 m Ϫ1 ) the error may be ⌬␣/␣ϭ0.1 at Ͻ0.4 MHz.
III. RESULTS AND EVALUATION OF SPECTRA
In Fig. 2 , as an example, the ultrasonic attenuation spectrum of the 1 molar solution of D͑ϩ͒-saccharose at 25°C is displayed in both common formats. The frequency normalized representation of data exhibits the ␣/ 2 values at high frequencies to approach asymptotically a frequencyindependent parameter BЈ. At low frequencies the ␣/ 2 values clearly exceed this parameter, thus revealing relaxation characteristics ͓d(␣/ 2 )/dϽ0͔ in the frequency range of measurements. In order to accentuate the relaxation characteristics the measured data are also presented as excess attenuation per wavelength spectrum. Calculating the excess attenuation per wavelength,
the asymptotic high-frequency contribution has been subtracted from the total attenuation per wavelength, ␣. Here ϭc s / is the sonic wavelength within the liquid and B ϭBЈc s . The excess attenuation spectrum, like spectra of solutions of other disaccharides ͑Fig. 3͒, reflects indeed relaxation processes. For most disaccharide solutions a relative maximum at around 1 GHz and a shoulder at a frequency of about 100 MHz emerges, thus suggesting two underlying relaxation regimes. However, analytically the experimental spectra cannot be adequately represented by a sum of two Debye-type 50 relaxations terms with discrete relaxation time. Rather a third Debye term must exist or, alternatively, at least one term must be subject to a continuous relaxation time distribution.
So far, spectra of carbohydrate aqueous solutions did not reveal indications for underlying continuous relaxation time distributions as characteristic, for example, for liquid mixtures exhibiting noncritical fluctuations in the local concentration. 51, 52 We therefore have evaluated the spectra of disaccharide solutions in close analogy to monosaccharide solutions, 28, 29, 31 assuming a sum of Debye-type relaxation terms:
This relaxation spectral function R(), in which A n and n denote relation amplitudes and times, respectively, and ϭ2, has been fitted to the measured spectra using a nonlinear least-squares regression analysis. 53 This analysis minimizes the reduced variance 2 ϭ 1
Here i , iϭ1,...,I, are the frequencies of measurement and w( i ) are weighing factors, set inversely proportional to the experimental errors ⌬(␣) i ϭc s / i ⌬␣( i ). The P j , j ϭ1,...,J, are the adjustable parameters of the model relaxation spectral function, I is the number of frequencies of measurements, and J is the number of unknown parameters of R().
It was found that three relaxation terms (Jϭ7) are sufficient to describe the broadband spectra adequately, except the D͑ϩ͒-lactose solution which requires a fourth Debye term. The parameter values obtained by the regression analysis are presented in Table II . Normally, it is difficult to clearly relate so many relaxation terms to underlying molecular mechanisms. Here we are, however, in a superior position since most relaxation processes have already been carefully studied for aqueous solutions of a variety of monosaccharides 28, 29, 31 and have been consistently assigned to elementary chemical reactions. The sonic spectra of monosaccharide solutions display five relaxation regimes with relaxation times on the order of 1 s, 100 ns, 10 ns, 1 ns, and 100 ps, which have been discussed in terms of a chair-chair ring inversion, two modes of pseudorotation, an exocyclic side group isomerization, and an association mechanism. 31 We shall consider the Debye-relaxation terms of the disaccharide solutions in the light of these elementary carbohydrate reactions.
IV. DISCUSSION
A. Chair-chair ring inversion
For solutions of the aldopentoses D-arabinose, D-lyxose, and D-ribose, as well as the ketohexose D-fructose, a lowfrequency sonic relaxation term with relaxation time around 1 s had been found. 31 The existence of such ''␣-relaxation'' term corresponds with an interaction enthalpy difference ⌬U on the order of RT (ϭ2.5 kJ/mol) for the i C j j C i conformational ring isomerization of at least one monosaccharide tautomer in aqueous solution. 54, 55 This argument involves that in aqueous D-fructose solutions only the ␣-Dfructopyranose, for which ⌬Uϭ2.7 kJ/mol, is capable of the chair inversion. Time-resolved sonic attenuation measurements during establishment of the tautomer equilibrium of aqueous fructose solutions 32 have supported the idea of an i C j j C i ring inversion of ␣-D-fructopyranose with a relative content of only 2% at equilibrium. Additional support of this view follows from the spectra of the D͑ϩ͒- saccharose   FIG. 3 . Ultrasonic excess attenuation spectra for 1-mol/ᐉ solutions at 25°C of D͑ϩ͒-maltose ͑᭺͒, D͑ϩ͒-trehalose ͑᭡͒, and D͑ϩ͒-saccharose ͑᭞͒. Fig. 4 , the low-frequency ␣ relaxation of the D-fructose spectrum does not exist in the D͑ϩ͒-saccharose spectrum. Linked in the disaccharide, the fructose ring is unable to adopt other tautomeric forms. Hence absence of the ␣ relaxation in the sonic spectra of the D͑ϩ͒-saccharose solutions verifies the assumption that the fructofuranose form does not contribute the chair-chair conformational flexibility of D-fructose in solution.
B. Pseudorotation
D͑ϩ͒-lactose and D͑ϩ͒-melibiose spectra reveal a small amplitude relaxation term with relaxation time 0 ͑Table III͒ on the order of the relaxation time of the ␤ process of monosaccharide solutions. 31 Both disaccharides contain a galactose ring, for the 1-mol/ᐉ aqueous solution of which ␤ ϭ152 ns was found at 25°C, 31 which compares to 0 ϭ155 ns and 0 ϭ205 ns for the 0.5-mol/ᐉ solution of D͑ϩ͒-lactose and D͑ϩ͒-melibiose, respectively, at 25°C. Spectra for a D͑ϩ͒-lactose and a D-galactose solution are shown in Fig. 5 to illustrate the identical frequency ranges of the lowfrequency relaxation terms of both systems.
The ␤-relaxation term of the D-galactose solution had been assigned to a mode of pseudorotation of the cyclic molecule. Obviously, D-galactose is capable of ring conformations like the boat and skewed boat forms, which are significantly less stable than the 4 C 1 chair conformation of the molecule. It is only briefly mentioned that the 1 C 4 conformer is missing in aqueous D-galactose solutions 55 ͒. Hence D-galactose solutions do not display an ␣-relaxation term in their sonic spectra. In addition to the dominating 4 C 1 chair, D-galactose seems to adopt two labile ring conformers in aqueous solution. The equilibria between the 4 C 1 chair and the less stable conformers has been attributed to the ␤-and ␥-relaxation terms, respectively, of D-galactose solutions ͓ ␤ ϭ152 ns, ␥ ϭ5.5 ns, 1 mol/ᐉ, 25°C ͑Refs. 29 and 31͔͒. We assume the low-frequency relaxation term with relaxation time 0 of the D͑ϩ͒-lactose and D͑ϩ͒-melibiose spectra to correspond to the ␤ relaxation of the galactose ring. The ␥ relaxation of D-galactose may also exist in the spectra of both disaccharides, but may be hidden by the relaxation process with relaxation time 1 ͑Fig. 5͒. This process will be discussed below in detail. The molar amplitudes ͓A 0 /c ϭ0.026ϫ10 Ϫ3 ᐉ/mol, D͑ϩ͒-lactose; A 0 /cϭ0.012 ϫ10 Ϫ3 ᐉ/mol, D͑ϩ͒-melibiose; Table III͔ of the disaccharide pseudorotation term are substantially smaller than that of the monosaccharide (A ␤ /cϭ0.08ϫ10 Ϫ3 ᐉ/mol, D-galactose͒. This effect points at either a smaller relative concentration of the labile disaccharide conformers or a smaller isentropic volume change associated with the pseudorotation of the disaccharides, as compared to D-galactose.
C. Exocyclic hydroxymethyl group rotation
Except D͑ϩ͒-melibiose all disaccharides show a relaxation term with relaxation time 2 between 0.8 and 1.9 ns ͑25°C, Tables II and III͒, refers to a monosaccharide pseudorotation mechanism ͑Ref. 31͒.
time ␦ of monosaccharide spectra. 29, 31 The monosaccharide ␦-relaxation term had been carefully analyzed and assigned to an exocyclic hydroxymethyl group rotation. 28, 29, 31 All disaccharides investigated in this study contain exocyclic -CH 2 OH groups which are more or less freely rotable. The existence of a ␦-relaxation term analog in the spectra of D͑ϩ͒-maltose, D͑ϩ͒-trehalose, D͑ϩ͒-lactose, and D͑ϩ͒-saccharose solutions is thus an expected result. The missing of an exocyclic hydroxymethyl group rotational isomerization term in the spectra of D͑ϩ͒-melibiose ͑Fig. 6͒ attracts attention. In that disaccharide the glucose ring is linked via its -CH 2 OH group to the galactose ring ͑Fig. 1͒ so that this group cannot contribute to the ␦ relaxation. Obviously, however, also the exocyclic hydroxymethyl group of the galactopyranose ring of melibiose does not show relaxation characteristics due to the -CH 2 OH group isomerization. Likely, this behavior is already reflected by the relevant monosaccharide spectra.
In Fig. 7 the excess attenuation spectra of 1-mol/ᐉ aqueous solutions of D-glucose and D-galactose at 25°C are presented. Instead of the ␦-and ⑀-relaxation term of glucose, galactose displays only one high-frequency relaxation term.
It had been tentatively considered a ␦ relaxation, which is somewhat shifted in frequency, but nevertheless due to the exocyclic hydroxymethyl group rotational isomerization. 31 Recent molecular dynamics calculations reveal an energetically unfavorable gg rotamer conformation of galactose, whereas the tg and gt conformers are separated by a small activation energy barrier. 22, 57 They may thus not show up as different conformational states of the saccharide in solution.
The situation is different with glucose solutions. The tg rotamer is energetically disfavored, but the gt and gg conformers exist and are well separated from one another by an activation energy barrier of 25 kJ/mol(Ϸ12RT). Hence we conclude that exocyclic side-group rotation of galactose rings does not contribute to the sonic spectra and that the high-frequency relaxation term, found for D-galactose and D͑ϩ͒-melibiose solutions ͑Figs. 6 and 7͒, reflects an ⑀ relaxation due to associations as discussed below. There is, however, a disagreement with the distribution of side group rotamers as determined by 1 H-NMR measurements of methyl-
The relaxation rate
related to the conformational equilibrium
of the glucose exocyclic side group, is expected to do not depend upon saccharide concentration. As illustrated by Fig.  8 , within the limits of experimental errors, the 2 Ϫ1 values of the D͑ϩ͒-melibiose spectra are independent of c, as are the ␦ values of D-glucose and methyl-␤-D-glucopyaronoside solutions.
The ultrasonic relaxation amplitude related to the unimolecular reaction ͓Eq. ͑5͔͒ is given by
with the isentropic compressibility s ϭ Ϫ1 c s Ϫ2 , a stoichiometric factor ⌫, given by
and with the isentropic volume change
Here ⌬V is the isothermal reaction volume, ␣ p ϭ͓‫ץ‬ ln(V)/‫ץ‬T͔ p is the thermal expansion coefficient at con- Ϫ4 K Ϫ1 and the heat capacity c p ϭ4179 J kg Ϫ1 K Ϫ1 of water at 25°C the absolute amount of the enthalpy term in Eq. ͑8͒ is smaller than 6 ϫ10 Ϫ2 cm 3 /mol; thus, ⌬V s ϭ⌬V. On these conditions, ⌬V ϭ(1.6Ϯ0.3) cm 3 /mol results for D͑ϩ͒-maltose at 25°C, in nice agreement with the reaction volumes ⌬Vϭ(2.0 Ϯ0.4) cm 3 /mol for the D-glucose and ⌬Vϭ(2.4 Ϯ0.4) cm 3 /mol for the methyl-␤-D-glucopyranoside -CH 2 OH group rotation. For D͑ϩ͒-trehalose and D͑ϩ͒-saccharose, ⌬Vϭ(1.3Ϯ0.4) cm 3 /mol is found, and for D͑ϩ͒-lactose, ⌬Vϭ(1.1Ϯ0.4) cm 3 /mol. Calculating these reaction volume data, it has been assumed that the fructofuranose -CH 2 OH group which is located close to the oxygen bridge of the saccharose molecule ͑Fig. 1͒ is hindered in its rotational motions. Hence isomerization of only two hydroxymethyl groups per molecule has been taken into account. The close agreement of the D͑ϩ͒-saccarose ⌬V value with the reaction volume values of other disaccharides and also of D-glucose supports this assumption.
D. Association
The spectra of all disaccharide solutions exhibit a highfrequency relaxation term with relaxation time 3 between 0.08 and 0.51 ns ͑Fig. 9, Tables II and III͒. This term corresponds with the ⑀ term of monosaccharide spectra. 29, 32 With aqueous solutions of methyl-␤-D-glucopyranoside ⑀ seems to decrease with solute concentration c. 29 For this reason, the opinion has been expressed that the ⑀ term might be due to a saccharide-saccharide association mechanism, probably a dimerization. Since the relaxation frequency (2 3 ) Ϫ1 of the high-frequency term of most disaccharide solutions is located at the upper limit of the measuring range and as, at those frequencies, the measured attenuation coefficients ␣ are dominated by the asymptotic background term BЈ 2 ͓Eq. ͑1͔͒, no clear conclusion on the dependence of the relaxation time 3 and amplitude A 3 upon concentration and temperature can be drawn. It is thus impossible to assign this term to an underlying elementary process.
E. Disaccharide process
The disaccharide solution relaxation terms with relaxation times 0 , 2 , and 3 correspond with analogous relaxation processes of monosaccharide solutions. They have, therefore, been discussed in terms of the ring inversion, exocyclic side-group isomerization, and association mechanisms which had been already studied for a variety of monosaccharides in water. 29, 31 However, the disaccharide relaxation term with relaxation time 1 between 3.6 and 19 ns ͑25°C͒, present in all spectra ͑e.g., Figs. 2, 3 , 5, 6, and 9, Tables II  and III͒ , cannot be related to an elementary molecular process which also exists in monosaccharide solutions. The ␥ relaxation of monosaccharides, assigned to a mode of pseudorotation, 31 indeed displays the same range of relaxation times as 1 . However, this term has been found in spectra of D-arabinose, D-lyxose, D-ribose, D-galactose, and D-mannose solutions only. Hence this mode of ring conformational isomerization cannot be the reason for the 1 -relaxation term in the spectra of D͑ϩ͒-maltose, D͑ϩ͒-trehalose, and D͑ϩ͒-saccharose solutions, because these disaccharides contain glucose and fructose rings only ͑Fig. 1͒. The D͑ϩ͒-lactose and D͑ϩ͒-melibiose spectra may contain contributions from the pseudorotation of the galactose ring. In the case of D͑ϩ͒-lactose solutions, however, the molar amplitude A 1 /cϭ0.9ϫ10 Ϫ3 ᐉ/mol is significantly larger than that of the galactose ring conformational isomerization (A ␥ /cϭ0.15ϫ10 Ϫ3 ᐉ/mol 31 ͒, so that also with this disaccharide a special relaxation mechanism has to be assumed. Likely this mechanism is a rotation of both rings of the disaccharide molecule relative to one another.
For such a unimolecular reaction, a linear increase of the relaxation amplitude with c and a concentration-independent relaxation time is expected. As shown by Fig. 10 , the amplitude increases nearly proportional to the saccharide concentration. The relaxation time is not independent of concentration, but increases significantly with c ͑Fig. 11͒. We assume this increase in the 1 values to reflect the increasing impediment of the ring rotational motions by viscous friction. As yields activation enthalpies ⌬H 1 # ϭ(24Ϯ8) kJ/mol and ⌬H 1 # ϭ(17Ϯ3) kJ/mol for the disaccharide process of the D͑ϩ͒-maltose and D͑ϩ͒-trehalose solutions, respectively. Calculating these values, a vanishing reaction enthalpy (⌬H 0 ϭ0) has been assumed, equivalent to an equipartition of both disaccharide conformational isomers. The ⌬H 1 # ϭ24 kJ/mol ͑Ref. 60͒ of the hydrogen network fluctuations of water at room temperature.
V. CONCLUSIONS
Broadband ultrasonic attenuation spectra of solutions of disaccharides in water reveal various relaxation terms. The term with relaxation time on the order of 200 ns in the spectra of D͑ϩ͒-lactose and D͑ϩ͒-melibiose likely reflects the pseudorotation of the galactopyranose ring of the disaccharides. D-glactose itself exhibits a relaxation with almost identical relaxation time. This relaxation had been tentatively assigned to conformational isomerizations, including the boat or skewed boat forms. Also by comparison with monosaccharides the term with relaxation time between 0.8 and 1.9 ns ͑25°C͒ is attributed to the exocyclic hydroxymethyl group rotation. This term is missing in D͑ϩ͒-melibiose spectra because rotation of the -CH 2 OH group at the galactopyranose ring is hindered by interactions with the neighboring hydroxy group. Again, in conformity with monosaccharide solutions the high-frequency term with relaxation time on the order of 100 ps is assumed to be due to a carbohydrate-carbohydrate association. The parameter values of that term, however, are only insufficiently known because of its interference with the high-frequency asymptotic background attenuation in the spectra.
The relaxation term with relaxation time between 3.6 and 19 ns ͑25°C͒ is a characteristic feature of disaccharide solutions. We assume this relaxation to reflect a rotation of the disaccharide rings relative to one another. The activation enthalpy of this unimolecular elementary process corresponds with the activation enthalpy of hydrogen network fluctuations of water at room temperature, thus indicating that the disaccharides nicely fit to the water structure.
